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Mergers of galaxies are an important mode for galaxy evolution because they serve as an efficient
trigger of powerful starbursts. However,observational studies of the molecular gas properties during
their early stages are scarce. We present interferometric CO(2–1) maps of two luminous infrared
galaxies (LIRGs), NGC 3110 and NGC 232, obtained with the Submillimeter Array (SMA) with ∼ 1 kpc
resolution. While NGC 3110 is a spiral galaxy interacting with a minor (14:1 stellar mass) companion,
NGC 232 is interacting with a similarly sized object. We find that such interactions have likely induced
in these galaxies enhancements in the molecular gas content and central concentrations, partly at the
expense of atomic gas.The obtained molecular gas surface densities in their circumnuclear regions are
Σ mol & 102.5 M pc−2 , higher than in non-interacting objects by an order of magnitude. Gas depletion
times of 0.5–1 Gyr are found for the different regions, lying in between non-interacting disk galaxies
and the starburst sequence. In the case of NGC 3110, the spiral arms show on average 0.5 dex shorter
depletion times than in the circumnuclear regions if we assume a similarH2-CO conversion factor. We
show that even in the early stages of the interaction with a minor companion, a starburst is formed
along the circumnuclear region and spiral arms, where a large population of SSCs is found (∼350),
and at the same time a large central gas concentration is building up which might be the fuel for an
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active galactic nucleus. The main morphological properties of the NGC 3110 system are reproduced
by our numerical simulations and allow us to estimate that the current epoch of the interaction is at
∼ 150 Myrs after closest approach.
Keywords: galaxies: interactions — galaxies: spirals — galaxies: individual (NGC 3110; NGC 232) —
galaxies: structure — galaxies: nuclei — galaxies: starburst — galaxies: star clusters —
galaxies: ISM — ISM: molecules
1. INTRODUCTION
Interactions between galaxies are among the most im-
portant mechanisms modifying the properties of galax-
ies through their cosmological lifetime (e.g. Barnes &
Hernquist 1992; Springel et al. 2005), especially because
the merger rate is seen to be higher in the early universe
(e.g. Bridge et al. 2010; Lo´pez-Sanjuan et al. 2015).Sev-
eral mechanisms are at play to drive gas from external
regions towards the nuclei of galaxies and produce star-
bursts (SBs) and active galactic nuclei (AGNs). The
dissipative nature of the gas leads to loss of angular mo-
mentum in shocks, resulting in subsequent inflows which
then trigger SBs within the inner few kiloparsecs of the
galaxy, as well as feeding the AGNs (Barnes & Hern-
quist 1996). Observationally, interactions are seen to
play a main role in increasing Star Formation (SF) and
concentrating the gas towards the center (e.g. Bushouse
1987; Smith et al. 2007; Sabater et al. 2013). Probably
the most extreme objects are Ultra/Luminous Infrared
Galaxies (U/LIRGs), where IR luminosities are above
1011 L , and represent one of the most dramatic phases
in galaxy evolution (e.g. Sanders & Mirabel 1996).
The transformation of disk galaxies in the merging
process has been widely studied numerically (Toomre
& Toomre 1972; Mihos et al. 1992; Mihos & Hern-
quist 1996; Barnes & Hernquist 1992; Moore et al. 1996;
Springel et al. 2005; Cox et al. 2008). Simulations in-
cluding the stellar and gaseous components of merg-
ing systems have covered a wide range of the param-
eter space, but usually numerical studies presenting the
star formation history have focused on major mergers
of similarly sized disk galaxies (mass ratios up to 3:1)
(e.g. Hopkins et al. 2013) rather than galaxies accreting
smaller objects. The galaxy mass ratio (together with
closest approach distance and relative velocities) is in-
deed found to be a major parameter characterizing the
resulting merger driven starburst. The induced SF in
the primary galaxy for large mass ratio mergers >10:1
is found to be just marginally larger (Cox et al. 2008).
Observationally it is found that there are enhance-
ments of the Star Formation Rate (SFR) especially for
galaxy pairs at small projected separations of < 30-
40 kpc (Ellison et al. 2008), but can be seen up to
150 kpc (Scudder et al. 2012; Patton et al. 2013).These
enhancements are larger for galaxies of approximately
equal mass, but such a SFR enhancement can also
be seen for galaxy pairs whose masses vary by up to
a factor of ∼10 (Ellison et al. 2008), although it has
been argued that this is true mostly in the least mas-
sive galaxy of the pair (Woods & Geller 2007). As for
the molecular gas content, from which stars form, Gao
& Solomon (1999) found that it decreases as merging
advances. Gao & Solomon (1999) also argued that the
starburst is probably not due to the formation of more
molecular clouds from atomic gas, but enhanced star
formation in preexisting molecular clouds. On the other
hand, Yamashita et al. (2017) recently found that the
molecular gas masses in the central regions of galaxies
are relatively constant from early to late merger stages,
which they interpreted as molecular gas inflow replen-
ishing the consumed gas by SF. Observations with bet-
ter resolution are needed in order to probe the detailed
properties of molecular gas and onset of SF in these sys-
tems.
High angular resolution CO observational studies at
different stages of the merging process and for differ-
ent mass ratios are essential to understand the molec-
ular gas response to the interaction, which have conse-
quences on the subsequent SF activities.A large number
of high resolution observational studies of intermediate
to late-stage mergers and merger remnants have been
performed (Downes & Solomon 1998; Bryant & Scov-
ille 1999; Iono et al. 2005; Wilson et al. 2008; Greve
et al. 2009; Iono et al. 2009; Imanishi et al. 2009; Sliwa
et al. 2012; Iono et al. 2013; Imanishi & Nakanishi 2013;
Ueda et al. 2014; Xu et al. 2014; Saito et al. 2015, 2016,
2017a;Sliwa et al. 2017; Saito et al. 2017b). Although
intermediate and late stage major mergers garner a sig-
nificant fraction of all the observational studies, early
stage phases when separations are still relatively large
(> 40 kpc) have rarely been part of these studies.There-
fore, our understanding from an observational point of
view of the early stages of the interaction is relatively
poor, and it is essential to investigate what is the impact
of smaller objects, as this kind of events are expected to
be more frequent. Although these kind of systems can
not be easily found locally given the short time scales (a
few 108 Myr) involved close to the first approach, it is of
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key importance to complete the sequence of snapshots
at every merger stage in order to show how the inter-
stellar medium and SF evolve along the merger process
sequence.
In the early stages of a merger, simulations show that
galaxies approach each other but are still distinct and
the morphology starts to be just slightly distorted. It
is established that in this phase the generation of dis-
turbed two arm barred spirals and tidal bridges/tails oc-
curs (Toomre & Toomre 1972). A direct consequence in
this phase of this kind of interactions are galactic spiral
features (Tutukov & Fedorova 2006; Dobbs et al. 2010),
warps (Dubinski & Chakrabarty 2009; Kim et al. 2014),
bars (Lang et al. 2014; Pettitt & Wadsley 2018), (stellar
and gaseous) bridges which may connect the galaxies,
and tidal tails extending well beyond the main body of
the galaxies (D’Onghia et al. 2010). Although the tidal
interaction forms these kind of spiral arms and probably
relatively long-lived bars, the gas response varies very
rapidly and flows efficiently toward the central regions
(Iono et al. 2004).
In this paper we present molecular gas maps at ∼1 kpc
scale resolution as traced by CO(2–1) for two cases of
early-stage tidal interactions between galaxies at rela-
tively large distances (& 40 kpc) and with different mass
ratios: NGC 3110, interacting with a minor compan-
ion of 14:1 its mass, and NGC 232, which is interacting
mostly with NGC 235, an object of comparable mass.
Our aim is to shed light on the effect that a different
galaxy mass ratio has on the molecular gas properties
of the primary galaxies and the onset of the starburst
in the early stages of the interaction. This paper is or-
ganized as follows. First we describe the properties of
the two galaxies subject to study in this paper in § 2.
We introduce our Submillimeter Array (SMA) observa-
tions and data reduction in § 3. In § 4 we focus on
the identification of the different molecular components
and study their major physical properties. We compare
the gas content and SF properties, and derive the spa-
tially resolved SF law in § 5 with the help of Hα and
24 µm maps. Finally, in § 6 we compare the observa-
tional maps with our own numerical simulations as well
as with others in the literature. Our main conclusions
are summarized in § 7. We adopt a cosmology of ΩΛ =
0.73, ΩM = 0.27, and H 0 = 73 km s−1 Mpc−1 .
2. THE LIRGS NGC 3110 AND NGC 232
We first summarize the main properties of NGC 3110
and NGC 232, including their morphological properties,
environment, activity and gas properties. The main pa-
rameters characterizing these two galaxies are listed in
Table 1. Fig. 1 shows optical DSS2 and NIR 2MASS
composite images, and Fig. 2 the Hα maps.
These two objects are part of the SMA B0DEGA
project (SMA Below 0 DEgree GAlaxies, Espada et al.
2010), where the CO(2–1) line was observed for about a
hundred galaxies with the Submillimeter Array (SMA).
Because they are located in the southern sky, most of
the galaxies in the sample did not have previous inter-
ferometric CO observations published in the literature.
The sample is composed of infrared (IR) bright galax-
ies, selected with the criteria: 2.58 × S 60µm + S 100µm
> 31.5 Jy (S 60µm and S100µm are the IRAS 60 µm and
100 µm fluxes), recession velocities V < 7000 km s −1 ,
and located in the southern sky up to δ = –45 ◦ . The
galaxies in the sample are mostly of spiral type and
members of interacting systems such as groups and pairs
of galaxies, but we excluded intermediate and late stage
major mergers. The data can be accessed via the CfA
SMA database1.
NGC 3110 and NGC 232 are the most IR luminous
galaxies in the B0DEGA sample, and among the most
IR luminous objects that can be found located nearby
which are not intermediate/late stage major mergers.
Both galaxies were classified as mildly interacting (i.e.
separate nuclei, weak tidal features), as opposed to ob-
jects with strong tidal features, mergers and merger
remnants (Dopita et al. 2002). These two local LIRGs
are also part of the Great Observatories All-Sky LIRG
Survey (GOALS, Armus et al. 2009), which is a flux-
limited sample (S 60µm > 5.24 Jy) composed of a to-
tal of 203 galaxies with L IR > 10 11 L based on the
IRAS Revised Bright Galaxy Survey (RBGS) presented
in Sanders et al. (2003).
2.1. NGC 3110
NGC 3110 is usually classified as a barred Sb galaxy
(Table 1). It is located at a distance of D = 75.2 Mpc (100
corresponds to 352 pc), and it is interacting with a minor
companion located to the SW, which likely contributed
to the formation of its two asymmetric spiral arms and
a central bar-like feature as seen in Fig. 1. The optical
diameter is 1.086, or 39.3 kpc.The structure that is usu-
ally classified as a bar feature has a length ∼2000(7 kpc)
as seen in Hα emission (Hattori et al. 2004).However, a
more careful inspection of high resolution images reveals
that this feature does not resemble the distribution of
a standard bar. This galaxy has an overall high SFR
of about 20–30 M yr−1 , as obtained from IR and Hα
data (Yun & Carilli 2002; Dopita et al. 2002), mostly
concentrated towards its center. The SF is fueled by a
1 https://www.cfa.harvard.edu/cgi-bin/sma/smaarch.pl
4 Espada et al.
Figure 1. DSS2 blue, IR, red (left) and 2MASS JHK (right) composite RGB images of the NGC 3110 (top) and NGC 232/5
(bottom) pairs. NGC 3110 and NGC 232 are the galaxies in the center of the fields. The size of the maps is 40.
large mass of molecular gas,estimated to be M mol ' 2
× 10 10 M (Table 1). There is also abundant SF in the
two arms of the galaxy based on Hα maps (Fig. 2), with
several bright H II knots distributed along them (Hattori
et al. 2004; Dopita et al. 2002) and in fact the arms con-
tribute to up to 35% of the FIR flux (Zink et al. 2000).
These spiral arms wind up to the center within the in-
ner 900 (3.2 kpc) as seen in Brγ, H2 S(1–0), and Fe II
in VLT/SINFONI data, and there is also an elongated
structure along the N-S direction (Colina et al. 2015).
Hubble Space Telescope (HST) images also show some
filaments orienting towards its nuclear region (Malkan
et al. 1998). The nuclear activity was classified as H II
(Veilleux et al. 1995; Corbett et al. 2003), and so far
there is no evidence of AGN in its nucleus.
Following the visual morphological scheme by Lar-
son et al. (2016) for the GOALS sample, from objects
in the early stages of interaction to merger remnants,
NGC 3110 was classified as an early stage major merger
(stage 1, or M1, following their nomenclature), where
an early stage major merger is defined as a galaxy pair
with a velocity difference between the two galaxies of
∆V < 250 km s −1 and separations of less than 75 kpc,
which have no prominent tidal features, and appear to
be on their initial approach. This classification also im-
plies that the mass ratio between the two interacting
galaxies are comparable (<4:1), although the compan-
ion of NGC 3110 is likely smaller than this. With their
morphological classification scheme it would probably
fit better into the minor merger case. The compan-
ion galaxy is MCG-01-26-013 (PGC029184), which is
located at just 1. 08 from NGC 3110, or 38 kpc (Fig. 1),
and with a (projected) velocity difference of 235 km s−1 .
Its optical diameter is 0.098, about half of that of the
main galaxy. It is seen nearly edge-on and it is classified
as S0+ pec or S0-a (de Vaucouleurs et al. 1991, Hyper-
leda). Its (extinction corrected) blue-band luminosity
is more than one order of magnitude smaller than that
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of NGC 3110, 7.3 × 109 L versus 1011 L (Table 1), so
the mass difference is estimated to be 14:1.There exists
Hα emission towards the nucleus of the companion as
well, and it is more centrally concentrated than that in
NGC 3110 (Dopita et al. 2002). From Very Large Array
(VLA) H I observations, it is seen that a local H I mini-
mum is found at the centre of NGC 3110, and although
the distribution is asymmetric with its peak towards the
northern arm, no tidal tail is seen in these maps to a
sensitivity of ∼1020 atoms cm−2 (Thomas et al. 2002).
2.2. NGC 232
At a distance of D = 90.5 Mpc (1 00 corresponds to
420 pc), NGC 232 is a barred Sa galaxy seen with an
inclination of ∼47 ◦ (Table 1), and with two arms which
seem to form a ring-like structure in optical images.The
size of the disk is 0.097, or 24 kpc. In the optical image
(Fig. 1) one can discern that the two spiral arms (to the
N and S) are asymmetric and emerge from the barred
central component, which is elongated along the SE to
NW direction. A high SFR of about 30 M yr−1 can
be derived from its FIR flux (e.g. Schmitt et al. 2006b).
The Hα maps in Schmitt et al. (2006a) show a bright
compact nuclear region of about 10 00 in diameter elon-
gated along the E–W direction (P.A. ' 100 ◦ ), as well
as extended diffuse emission with a somewhat different
P.A., which is the direction along the bar-like structure
seen in optical and NIR images at P.A. ' 140 ◦ (Fig. 1),
as well as in radio emission (Schmitt et al. 2006a). The
brightest component in the Hα map along the E–W di-
rection is also detected in Paα (Tateuchi et al. 2015).
The molecular gas mass is estimated to be M mol ' 2
× 10 10 M (Table 1). NGC 232 was classified to host a
nuclear starburst (H II ) (Veilleux et al. 1995; Corbett
et al. 2002), although it has also been classified as a low
ionization nuclear emission-line region (LINER) by Co-
ziol et al. (2000). A very extended (∼ 3 kpc) and highly
collimated linear structure extending from the nucleus
has been recently found using VLT/MUSE (L´opez-Cob´a
et al. 2017), which indicates that this is in fact an AGN.
This is the second longest optical emission-line jet re-
ported so far.
NGC 232 is classified as a major merger in the stage 2,
where galaxy pairs show obvious tidal bridges and tails
(Larson et al. 2016). Although the companion galaxy
to the NE, NGC 235 (ESO 474-G016,Fig. 1), might be
an evolved merger by itself because it has a double nu-
cleus, the separation to NGC 232 and the lack of dis-
turbed features may indicate that from the point of view
of NGC 232 it is in an earlier stage of interaction as
well. NGC 235 is a peculiar S0 which is separated by 20
(or 50 kpc) and with a (projected) velocity difference of
∼120 km s−1 with respect to NGC 232. Both NGC 232
and 235 are members of a southern compact group of
four objects (SCG 10, or SCG 0040-2350, Prandoni et al.
1994; Coziol et al. 2000; Iovino 2002), although we note
that two of them are probably merging and are both as-
sociated with NGC 235 itself and the fourth is an edge-
on spiral galaxy (NGC 230, V = 6759 km s−1 ) to the SW
separated by about 5.09 (∼ 148 kpc) from NGC 232 and
with no signs of interaction. On the other hand there is
a signature of interacting debris between NGC 232 and
NGC 235 from the Hα knot that is lying between the
two galaxies (Richter et al. 1994; Dopita et al. 2002).
These two objects are of comparable size. Assuming
the same distance, the blue-band optical luminosities
for NGC 232 and NGC 235 are LB = 2.8 × 10 10 L and
3.5 × 10 10 L . The optical diameters of NGC 232 and
NGC 235 are comparable, with that of NGC 235 being
slightly larger (24.4 kpc vs 34.8 kpc).
3. OBSERVATIONS AND DATA REDUCTION
We present in this paper CO(2–1) observations us-
ing the Submillimeter Array (SMA, Ho et al. 2004)
towards NGC 3110 and NGC 232. NGC 3110 was ob-
served for 162 min (on source) with 7 antennas in a com-
pact configuration, with maximum projected baselines
of 53.795 kλ, on 2008 Oct 11, and NGC 232 was observed
for 89 min (on source) with 8 antennas in a slightly more
extended configuration with maximum projected base-
lines of 90.950 kλ, on 2008 May 8 and 21.
Table 2 summarizes the set-up of the interferomet-
ric observations targeting the CO(2–1) line (νrest =
230.538 GHz), calibrators used, as well as the result-
ing synthesized beams and rms noise levels. The digi-
tal correlator was configured with 3072 channels (2 GHz
bandwidth), resulting in a velocity resolution of about
1 km s−1 . Although the velocity resolution of our CO(2–
1) observations is 1 km s−1 , we have binned the data
cubes to 20 km s−1 to have better signal to noise ra-
tio (S/N) while still Nyquist sampling the CO(2–1)
line. Enough line-free channels are present to subtract
the continuum emission. The field of view is charac-
terized by a Half Power Beam Width (HPBW) of the
primary beam at 230 GHz of the SMA 6-m antenna of
5200(18.3 kpc for NGC 3110, and 21.8 kpc for NGC 232),
which is sufficient to cover in a single pointing the whole
extent of the two galaxies.
The data were reduced using the SMA-adapted MIR-
IDL package2. The absolute flux scale for the data was
2 MIR is a software package to reduce SMA data based on
the package originally developed by Nick Scoville at Caltech. See
https://www.cfa.harvard.edu/∼cqi/mircook.html.
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Figure 2. Hα images of NGC 3110 (Hattori et al. 2004) and NGC 232 (Schmitt et al. 2006b) with the SMA CO(2–1) contours
overlaid. The field of view are 60 00 × 57 00 and 3600× 36 00, respectively. The color scale ranges from 0 to 6.51 10−15 erg s−1 cm−2
and from 0 to 3.85 10−15 erg s−1 cm−2 . The CO(2–1) contours (black) are as in Fig. 6 and 7, i.e. at 3, 5, 10, 25, and 50σ, where
σ = 1.4 Jy beam−1 km s−1 for NGC 3110 and σ = 1.7 Jy beam−1 km s−1 for NGC 232. The HPBW of the synthesized beams of
the SMA CO(2–1) observations are indicated at the bottom left of the panels. The cross sign shows the center of the galaxies.
determined by observing one planet or satellite, and
quasars were used for the bandpass and the time variable
gain corrections (phase and amplitude). By comparing
with flux measurements of the phase calibrators close
to the time of the observations, we estimate that the
absolute flux uncertainty is of the order of 20%.
The imaging of the CO(2–1) line was conducted in
MIRIAD (Sault et al. 1995). The continuum was fit
with a constant offset from all the line-free channels with
the task UVLIN and subtracted from the line. The data
were INVERTed using ROBUST = 0.5.For NGC 3110 the
obtained synthesized beam is 3.001×2.008 (or 1.1 × 1.0 kpc)
with a major axis of P.A. = 10 o.7 (East of north). The
rms noise level is 14 mJy beam−1 for a 20 km s−1 chan-
nel. As for NGC 232, the resulting synthesized beam is
3.002×2.004 (or 1.3 × 1.0 kpc) with a major axis of P.A. = –
86o.2. The rms noise level is found to be 15 mJy beam−1
for a 20 km s−1 channel.
The dirty images were then deconvolved with the task
CLEAN.First we carried out the deconvolution without
any supporting region for each channel. We created a
mask with regions where emission was apparent, which
were selected large enough (at least ∼1000diameter) not
to miss any possible extended emission. The regions
were refined manually in several iterations and the good-
ness of the selection was assessed by minimizing the
noise level in line free regions of the channels, as well
as reducing the contribution by sidelobes. The stop-
ping criteria was a clean cutoff limit, 14 mJy beam−1 for
NGC 3110 and 15 mJy beam−1 for NGC 232. The cumu-
lative fluxes as a function of number of clean components
were seen to converge in all channels. We considered
other less restrictive cutoff limits but they were seen not
to converge in channels with more complex distribution.
The number of clean components ranged from ∼200 (in
the channels corresponding to the edges of the profiles)
to ∼800 in the case of NGC 3110, and ∼ 200 – 400 for
NGC 232. The final residual channel images looked like
noise in all channels.
4. RESULTS
We present in this section the results obtained from
the SMA CO(2–1) data, including spectra, channel and
moment maps, as well as position-velocity (P–V) dia-
grams.
4.1. CO(2–1) Profiles and Recovered Flux
In Fig. 3 we present the CO(2–1) spectra of both
galaxies integrated over the area with detected emis-
sion within the HPBW of 5200 at 230 GHz. Note that
throughout this paper radial velocities are expressed
in the radio definition and with respect to the Local
Standard of Rest (LSRK frame). The CO(2–1) pro-
files of both objects are relatively flat. In the case of
NGC 3110, we can slightly discern a double peak, at
4900 km s−1 and 5120 km s−1 , the approaching side be-
ing brighter than the opposite one. Emission is de-
tected from 4780 km s−1 to 5240 km s−1 in NGC 3110,
and from 6370 km s−1 to 6970 km s−1 in NGC 232. The
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velocity widths are then ∆V = 460 ± 10 km s −1 and
600 ± 10 km s −1 , and if corrected by inclination (65 ◦
and 47◦ , Table 1), ∆Vcorr = 508 km s−1 and 820 km s−1 ,
respectively. The systemic velocities obtained from the
average of the profile edges at a 20% level of the peak are
4990 ± 10 km s−1 and 6650 ± 10 km s−1 for NGC 3110
and NGC 232, respectively.The systemic values are con-
sistent with those in the literature if we correct the off-
sets due to the different velocity frame conventions.
To quantify how much flux is recovered by our in-
terferometric observations, we compare the flux with
previously obtained single-dish CO(2–1) data. The to-
tal SMA CO(2–1) flux measurements for NGC 3110 and
NGC 232 corrected by the primary beam response are
679 and 295 Jy km s−1 , respectively. Unfortunately no
CO(2–1) single-dish data could be found in the literature
for NGC 3110. We use for this comparison the CO(1–
0) single-dish integrated flux of 395 Jy km s−1 obtained
from the NRAO 12 m spectrum presented in Sanders
et al. (1991), with a 55 00HPBW, which almost matches
the SMA field of view, and we assume a Jy-to-K conver-
sion factor of 30.4 Jy/K. We then convert to the CO(2–1)
integrated flux by assuming that the integrated intensity
ratio between CO(2–1) and CO(1–0) (in Tmb scale) is
R2−1/1−0 ∼ 0.8. This is reasonable because the line in-
tensity ratio R 3−2/1−0 within the inner 14.005 is R3−2/1−0
= 0.78 (Yao et al. 2003). Assuming R2−1/1−0 = 0.8, the
CO(2–1) total flux yields 1264 Jy km s−1 , and although
with large uncertainties due to the various assumptions,
we estimate that the recovered flux in our experiment is
∼ 54%. The comparison for NGC 232 is more straight-
forward because a direct CO(2–1) flux measurement ex-
ists in the literature. The CO(2–1) integrated inten-
sity (in T mb scale) obtained using the SEST telescope
is 17.8 K km s−1 with a beam of 23 00 (Chini et al. 1996;
Albrecht et al. 2007). Given the compact CO(2–1) dis-
tribution seen in the SMA maps, as well as in the Hα
maps, it is reasonable to think that most of the emis-
sion will arise well within the SEST beam. The total
flux is then 409 Jy km s−1 assuming a 23 Jy/K conver-
sion factor. We thus estimate that ∼ 70% of the flux is
recovered.
We also tested the existence of missing flux in the
SMA data by tapering visibilities to increase the bright-
ness sensitivities. We found that for NGC 3110 a taper
resulting in angular resolutions of 5 00 (and 700) increase
the total integrated flux by 7 %. Flux loss was found to
be up to ∼20 % in some channels ± 100 km s−1 of the
systemic velocity where there is more complex distribu-
tion. This effect was not noticeable at channels corre-
sponding to the profile edges as a result of the more
compact distribution there. As for NGC 232, no clear
difference in total integrated flux was found for tapers
at 500and 700.
4.2. CO(2–1) Interferometric Maps
Fig. 4 shows the CO(2–1) channel maps of NGC 3110.
The CO(2–1) channel maps show blue-shifted (ap-
proaching) emission on the N and red-shifted (reced-
ing) emission on the S. We distinguish in these maps
an inner circumnuclear component within ∼10 00 in di-
ameter (3.5 kpc), which is the fastest rotating feature.
A more extended component is composed of two main
spiral arms which wind up and are linked to the cir-
cumnuclear feature. Fig. 5 shows the CO(2–1) channel
maps of NGC 232.The maps show a compact, although
resolved, disk-like structure with blue-shifted emission
on the NE and red-shifted on the SW.
The task IMMOMENT in CASA (McMullin et al. 2007)
was used to calculate the integrated-intensity maps,
intensity-weighted velocity fields, and velocity disper-
sion distributions. We applied masks to each chan-
nel as in the deconvolution process. The latter two
moment maps were clipped at 2 and 3 times the rms
noise for NGC 3110 and NGC 232, respectively. Note
that no primary beam correction was performed in the
presented integrated-intensity map. The moment maps
for NGC 3110 and NGC 232 are displayed in Figs. 6
and 7, respectively. In Fig. 2 we show the same CO(2–
1) moment 0 contours over the Hα maps. There is a
large concentration of molecular gas towards the inner
few kiloparsecs of these two galaxies. The concentra-
tion width scale (σ) obtained from a Gaussian fit on the
azimuthally averaged intensity radial profile is found to
be 1.4 kpc and 0.8 kpc, comparable to the resolution el-
ement, and at 1/e level with respect to the central peak
the CO scale length is 2.8 kpc and 1.7 kpc, respectively.
The radial profiles are shown in Fig. 3 (bottom).
The CO(2–1) moment 0 map of NGC 3110 in Fig. 6
reveals the whole extent and morphology of the two
asymmetric molecular spiral arms, one to the S and
a relatively weaker and shorter one to the N, which
wind up into the circumnuclear molecular gas compo-
nent. The circumnuclear component is elongated and
extends about 1000diameter in the NE to SW direction.
The southern arm is on the receding side of the galaxy,
emerging to the E of the central component and extend-
ing up to 26 00(9.2 kpc) from the nucleus. The northern
molecular arm emerging from the W of the central com-
ponent is, on the other hand, much shorter, 1800(6.3 kpc)
from the nucleus, and its opening angle differs from that
of the southern counterpart. The southern arm is par-
ticularly narrow and it is barely resolved in the perpen-
dicular direction with the SMA data. The northern arm
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Figure 3. Top) CO(2–1) spectra for NGC 3110 and NGC 232. The y-axis shows fluxes in units of Jy and the x-axis the radio
LSRK velocities in bins of 20 km s −1 , as in the channel maps (Fig. 4 and 5 for each galaxy). For NGC 3110 (top left panel),
dashed-dotted lines correspond to the circumnuclear region (green), the northern (purple) and southern (pink) arms. Bottom)
The azimuthally averaged CO(2–1) normalized radial profiles for NGC 3110 (left panel) and NGC 232 (right). The x-axis shows
the radius from the center of the galaxies up to 8 kpc and is expressed in pc. The horizontal (red) line shows the width at 1/e
of the central peak.
is more asymmetrically distributed and appears to be
wider than the southern arm.
The CO emission of NGC 3110 peaks very close to the
center of the galaxy, but the kinematic center as seen
from the CO(2–1) maps is offset by about 100to the SE.
This central component is characterized by the largest
velocity gradient, as seen in the velocity dispersion map
in Fig. 6, with typical values of 40 km s−1 within the
inner 5 00 (1.8 kpc) (as opposed to the 10 – 20 km s −1
found along the spiral arms) and even ≥ 80 km s −1 in
the central 300× 7 00 along the E-W direction. The cir-
cumnuclear molecular gas component in the inner few
kiloparsecs has a P.A. ' 10◦ . This component is aligned
with the brightest nuclear barred feature seen in opti-
cal/NIR emission (see § 2.1).The velocity width at zero
intensity is the largest, ∆V = 460 km s −1 , along this di-
rection and the size of the circumnuclear component is
about 1000 × 3 00 (3.5 × 1.1 kpc). Non-circular motions
(and/or warp) within the circumnuclear component are
clear as seen from the twisted morphology in the mo-
ment 1 map. The second brightest component in the
CO(2–1) map is part of the northern arm, at a distance
of 900(3.2 kpc) to the NW from the center. It has a rela-
tively symmetric counterpart in the southern spiral arm
as seen in the channels 5020-5040 km s−1 in Fig. 4, al-
though not as bright.
The CO(2–1) maps of NGC 232 show that most of
the emission is centrally concentrated within the inner
600 (2.5 kpc), which we will refer to as the circumnu-
clear disk, although there is a more extended compo-
nent of size ∼1000(4.2 kpc), slightly elongated along the
SW - NE direction. It is well-centered on the brightest
nuclear component as seen in optical and NIR images.
The P.A. of the kinematical axis of the inner portion is
about 35◦ different to that of the most extended com-
ponent, and is almost perpendicular to the axis of the
putative bar at P.A. = 140 ◦ (see § 2.2). To our sensi-
tivity limit we do not detect molecular gas external to
the circumnuclear component in the form of spiral arms.
An S-shape morphology is also seen in the velocity field
(Fig. 7), which may suggest either non-circular motions
or a warp. This, together with the nearly perpendic-
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Figure 4. CO(2–1) channel maps of NGC 3110 in the velocity range 4760 − 5240 km s−1 (radio LSRK) in 20 km s −1 bins. The
size of the maps is 5200. The velocities are shown in the upper right corner of each panel and the synthesized beam is shown in
the bottom left corner. The rms noise of an individual channel is σ = 0.014 Jy beam −1 . The contour levels are at 3, 7, and 14
σ. The gray scale ranges from 0 to 0.6 Jy/beam. The cross sign shows the center of the galaxy.
ular barred-like feature seen in the optical/NIR images
indicates that the circumnuclear disk may represent the
family of x2 orbits in a bar potential. The moment 2
map (Fig. 7) shows large velocity dispersions within the
circumnuclear disk up to 130 km s−1 . The CO(2–1) pro-
file is very wide, 600 km s−1 (or 820 km s−1 if corrected
by inclination) at full-width zero intensity, which is dif-
ficult to explain simply by non-circular motions. The
emission corresponding to the wings of the spectrum (V
< 6460 km s−1 and V > 6900 km s −1 ) are distributed
along a P.A. = 44 ◦ (see the high velocity component
contour maps in the moment 0 panel of Fig 7) , and
we speculate that it might be an outflowing component.
Follow-up observations with higher angular resolutions
are needed to confirm this.
Finally, position-velocity (P–V) diagrams are shown in
Fig. 8 for NGC 3110 and in Fig. 9 for NGC 232. Fig. 8
a) and b) show P–V cuts along P.A. = 166 ◦ and per-
pendicular to it, 76◦ , both centered at NGC 3110’s nu-
cleus. The slope in the central molecular component is
∆V/∆r ' 0.15 km s −1 pc−1 , as opposed to the slower
rotation of the external CO components associated with
the spiral arms. Note that one can see a distinct com-
ponent with a smaller slope on the left side of the P.A.
= 166 ◦ P–V diagram which corresponds to the south-
ern arm. Fig. 9 shows the P–V cut along P.A. = 44 ◦
of NGC 232. The slope is steeper in this case, ∆V/∆r
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Figure 5. CO(2–1) channel maps of NGC 232 in the velocity range 6370 − 6970 km s−1 (radio LSRK) in 40 km s −1 bins. The
size of the maps is 4500. The velocities are shown in the upper right corner of each panel and the synthesized beam is shown in
the bottom left corner. The rms noise of an individual channel is σ = 0.011 Jy beam −1 . The contour levels are at 3, 7, and 14
σ. The gray scale ranges from 0 to 0.4 Jy/beam. The cross sign shows the center of the galaxy.
' 0.4 km s −1 pc−1 . Note that beam smearing due to
the relatively coarse spatial resolution likely makes the
velocities of these curves lower limits.
4.3. Molecular Gas Mass
First we obtain the CO(2–1) luminosity, given by
L CO(2−1) = (c 2/2k B ) SCO(2−1) ν−2obs D 2L , where c is the
light speed, kB is the Boltzmann constant, SCO(2−1)
is the integrated CO(2–1) line flux in Jy km s −1 , νobs
is the observed rest frequency in GHz, 230.538 GHz,
and D L is the luminosity distance to the source in
Mpc (e.g. Solomon & Vanden Bout 2005). It yields
L CO(2−1) = 611 × S CO(2−1) D 2L [K km s−1 pc2]. We use
a conversion factor between the CO integrated intensity
and H 2 column density of X CO = N H 2 /I CO = 2.0 ×
1020 cm−2 (K km s −1 )−1 . This value is recommended
for our Milky Way (e.g. Dame et al. 2001) and ’normal’
(i.e. non-starbursting) galaxies (Bolatto et al. 2013).
A caveat is that lower X CO can be present in star-
burst systems (Bolatto et al. 2013; Yao et al. 2003; Pa-
padopoulos et al. 2012), but the scatter found in these
systems is large and it is not clear what the appropriate
value might be for these two objects under study. We
use for NGC 3110 the integrated intensity CO(1–0) to
CO(2–1) line ratio R 2−1/1−0 = 0.8 (see §. 4.1), and for
NGC 232 R2−1/1−0 = 0.46, as calculated from IRAM
30m CO(1–0) and SEST CO(2–1) observations (Chini
et al. 1996; Albrecht et al. 2007), where the calculated
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Figure 6. The integrated intensity map (upper left), the intensity-weighted velocity field (upper right), and the intensity-
weighted velocity dispersion map (bottom) of NGC 3110. The color scale is shown on the right side of each panel and the HPBW
of the synthesized beam (3.001 × 2.008) is indicated as an ellipse at the bottom left. The cross sign indicates the center of the
galaxy. Contour levels in the integrated intensity map are at 3, 5, 10, 25, and 50σ, where σ = 1.4 Jy beam −1 km s−1 . Contour
levels in the velocity field are from 4750 to 5100 km s−1 in bins of 50 km s−1 . Contour levels in the velocity dispersion map range
from 0 to 100 km s−1 in 30 km s−1 bins. The dashed lines in the moment 0 panel indicate the cuts for the two position-velocity
diagrams in Fig. 8.
integrated intensities (in Tmb scale) were 38.2 K km s−1
and 17.8 K km s−1 , respectively.
Finally we calculate the molecular gas masses as
M mol [M ] = 4.3 × X 2 (R2−1/1−0 )−1 L CO(2−1) (Bo-
latto et al. 2013), where the factor 1.36 for elements
other than hydrogen (Cox 2000) is taken into ac-
count, and X 2 is the X CO factor normalized to 2 ×
1020 cm−2 (K km s−1 )−1 . Table 3 shows the derived pa-
rameters of the different molecular gas components (i.e.
circumnuclear region, NE and SW arms in NGC 3110,
and circumnuclear region in NGC 232).The parameters
include the velocity ranges, total CO(2–1) integrated
fluxes for each galaxy and component, and the derived
molecular gas masses.Both galaxies have molecular gas
masses ofabout 1–2 × 10 10 M , and these are consis-
tent (if corrected by flux losses) with previously reported
values.
4.4. Molecular gas concentration and gas-to-dynamical
mass ratios
Two mechanisms are usually invoked to explain how
gas is driven to the circumnuclear regions of galaxies:in-
teractions between galaxies and barred potentials.First
we calculate the molecular gas concentration (see Ta-
ble 4) to see whether the two interacting objectsstudied
in this paper have comparable concentrations to those
in literature samples of non-interacting or weakly inter-
acting barred and unbarred galaxies.
The molecular gas concentration is on the high side
when compared to non-interacting and non-barred ob-
jects, although not as high as in some barred galaxies.
Within a radius of ∼ 1 kpc (i.e. in the inner resolu-
tion element), the molecular gas surface densities (in
the plane of the disk) are Σ1kpcmol = 306 and 455 M pc−2
for NGC 3110 and NGC 232 (see § 5.4). We note that
